Several lines of evidence indicate that Flt-1, a fms-like tyrosine kinase receptor, which
Introduction
Vascular endothelial growth factor (VEGF) is an essential angiogenic growth factor to provide sufficient blood supply in tumors. The VEGF family is composed of five structurally related molecules: PlGF, VEGF-A, VEGF-B, VEGF-C, and VEGF-D (1) . The biological function of VEGF family members is mediated by the activation of tyrosine kinase receptors structurally related to fms/ kit/PDGFR family. VEGFRs (VEGFR-1/flt-1, VEGFR-2/flk-2, and VEGFR-3/flt-4) are characterized by an extracellular binding domain carrying seven immunoglobulin-like sequences and a cytoplasmic tyrosine kinase domain (2) . The specific binding pattern of VEGF family ligands to the receptors modulated different activities. Flk-1 in response to VEGF mediates the angiogenic signals and vascular permeability in blood vessels (3), whereas Flt-4, which interacts with VEGF-D and VEGF-C, transduces signals relevant for lymphatic vessel growth (4) .
Until now, the function of Flt-1 is still not completely understood. VEGF-A, VEGF-B, and PlGF isoforms (PlGF-1, PlGF-2, and PlGF-3; refs. 5, 6 ) bind specifically to Flt-1 (7, 8) . Flt-1 is expressed as a full-length tyrosine kinase receptor or as a soluble form carrying only the extracellular domain. Although VEGF binds to Flt-1 with a 10-fold higher affinity than to VEGFR-2/Flk-1, Flt-1 tyrosine kinase activity is very weak and does not induce biological activities, such as proliferation or migration in endothelial cells (7, 9) . Gene targeting studies have highlighted the function of Flt-1 in the formation of blood vessels. Flt-1 null mutation resulted in early embryonic death with severe defects in the vascular and hematopoietic system (10) . On the other hand, it has been shown that mice lacking the tyrosine kinase domain (Flt-1 TKÀ/À) develop generally normal but display an impairment of macrophage function (11) . Several studies suggest that Flt-1 and its soluble form might act as a decoy receptor by trapping VEGF-A, being therefore essential in regulating the amount of VEGF available to bind to VEGFR-2/flk-1 (12, 13) .
Flt-1 is expressed not only by vascular endothelial cells but also by monocytes and macrophages (14) (15) (16) . Moreover, other nonendothelial cells were reported to express Flt-1, including smooth muscle cells (17) , trophoblasts (18) , osteoblasts (16) , and microglia (19) .
The role of Flt-1 signaling in supporting pathologic angiogenesis has been shown in several pathologic conditions such as tumorigenesis (20) , metastasis (21) , and inflammatory diseases (22) . Although these studies have clearly defined an important role of Flt-1 in pathologic angiogenesis, they could not differentiate the biological role of Flt-1 signals at level of endothelial cells and the functional importance of Flt-1 signaling in tissue-infiltrating macrophages. In brain tumors, such as glioblastomas, macrophage/ microglia infiltration is found to be abundant within the tumor (23) . A large amount of evidence suggests that macrophage/ microglia are also equipped to perform tasks that will help the gliomas to become more invasive and to grow further, having an essential function in supporting tumor angiogenesis (24) . In several tumor types, including glioblastomas, macrophage infiltration has been associated with poor prognosis. Flt-1 could be involved in macrophage-mediated tumor growth via at least two mechanisms: First, via Flt-1-kinase-dependent macrophage activation and expression of several proangiogenic factors (25) ; second, Flt-1 might be able to mediate the migration of monocytes toward VEGF-A and PlGF. In this study, we analyzed the importance of Flt-1 signaling in tumor-infiltrating macrophages/microglia in a murine glioma model and its relevance for tumor growth and neoangiogenesis.
Materials and Methods
Cell Lines, Plasmid Construction, and Cell Transfection
Murine glioma Gl261 cells were kindly provided by Dr. Gaetano Finnocchiaro (Instituto Nazionale Neurologico ''Carlo Besta, '' Milan, Italy). GP+E86 virus-producing cells were provided by Dr. Georg Breier (Department of Pathology, University of Dresden). Cells were cultured in DMEM supplemented with 10% FCS.
The generation of Gl261-VEGF has been previously described (26) . For generation of Gl261-PlGF, a full-length human PlGF-2 cDNA was inserted into a pLEN retroviral vector and used to stably transfect GP+E86 virusproducing cells. The transfected cells were selected with 1 mg/mL neomycin analogue G418. High-titer retroviruses were used to infect Gl261 murine glioma cells as previously described (26) . G418-resistant clones were screened for the expression of PlGF based on Northern and Western blot analyses. Retrovirus supernatant expressing an empty pLEN vector was used to generate Gl261-empty vector. G418-resistant clones were examined by reverse transcription-PCR for the expression of the neomycin gene. No major differences were observed in the in vitro cell proliferation among Gl261, Gl261-empty-vector, Gl261-VEGF, and Gl261-PlGF.
RNA Isolation
RNA extraction from tumor samples was carried out in two steps: Frozen tumor samples were homogenized in 1 mL PeqGold RNA Pure reagent (PeqLab Biotechnology). Next, 200 AL of chloroform were added to the homogenized sample and centrifuged (12,000 Â g, 15 min, and 4jC). The resulting aqueous supernatant was mixed with 1 volume isopropanol and centrifuged (12,000 Â g, 10 min, 4jC). After this step, the pellet was resuspended in 350 AL of RTL buffer and further purified using the Qiagen RNA mini kit (Rneasy total kit, Qiagen) according to the manufacturer's instructions. The concentration of each sample was obtained from A 260 measurements. RNA integrity was tested by gel electrophoresis.
Reverse Transcription and Real-time PCR
One microgram (1 Ag) of total RNA from tumors was reverse transcribed using RT2 First Strand Kit (Superarray Bioscience Corporation) according to the manufacturer's procedures. This kit contains a procedure to eliminate contaminating genomic DNA from RNA samples before reverse transcription.
Mouse SDF-1 (CXCL12) Taqman assay (Mm0044552-m1, Taqman Gene Expression Assay, Applied Biosystems), which recognized the three isoforms of mouse SDF-1 (reference sequences NM001012477.1, NM013655.3, NM021704.2, amplicon length 122), was used in the present study. Realtime PCR was performed in triplicate in optical multiwell plate 384 using Light Cycler 480 Probes Master (Roche Applied Science). For each 20 AL Taqman reaction, 2 AL cDNA samples (diluted 1:10, 1:100, which corresponding approximately to the cDNA from 10 and 1 ng RNA, respectively) were mixed with the reaction solution (18 AL) consisting of 1 AL primer-probe mix, 10 AL 2Â Light Cycler 480 Probe Master, and 7 AL of water, PCR grade. For endogenous control, parallel assays for each sample were carried out using primers and probes for h-actin (Mm00607939_s1) and for mouse phosphoglycerokinase (PGK-1; Mm00435617_m1; Applied Biosystems). Negative controls were performed with water and RNA without reverse transcription. The reaction was carried out in a LightCycler 480 System (Roche Applied Science) using the following parameters: preincubation 95jC for 5 min, amplification 45 cycles (95jC for 10 s, 60jC 30 s). Standard curves were prepared using four dilutions of representative tumor probe known to express high amounts of SDF-1 and prepared for SDF-1, h-actin, and PGK-1. Relative mRNA levels (arbitrary units) of SDF-1 from two different probes per group (mock-transfected, VEGF-overexpressing tumors and PlGF-overexpressing tumors) were normalized against h-actin and PGK-1.
Northern Blot Analysis
Five to 10 Ag of RNA were electrophoresed in a 1.5% agarose gel containing 15% formaldehyde and subsequently transferred to a Duralon membrane (Stratagene) in 10 Â SSC. Filters were cross-linked with UV light (0.4 J/cm 2 ) and hybridized at 68jC in hybridization solution (QuickHyb, Stratagene) with the following random-primed 32 P-labeled cDNA probes: a cDNA 550-bp fragment encoding for the human PlGF-2, a 350-bp cDNA fragment encoding for VEGF 164 , and a 416-bp cDNA fragment encoding for murine SDF-1a.
Western Blot Analysis
Cells were cultured with 1% FCS for 72 h. Conditioned media were removed and filtered through a 0.45-Am filter (Millipore Corp.). The conditioned media were concentrated f10-fold using Centricons with a 10-kDa cutoff (Amicon). Aliquots were separated on a 12% polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membrane was incubated with a polyclonal rabbit anti-PlGF-2 antibody (ReliaTech GmbH) directed against the NH 2 terminus of hPlGF-2 protein (1:50) followed by incubation with a goat anti-rabbit antibody conjugated to alkaline phosphatase (1:10.000; Tropix Bedford). Visualization was performed using a chemiluminescence technique (CPD-Star, Tropix) according to the manufacturer's instructions and documented on a Kodak X-Omat AR film (Kodak, Ltd.).
Animals and Tumor Implantation
All experiments using animal models were carried out according to the approval of the local animal care committee. Mice Flt-1 TKÀ/À lacking the tyrosine kinase domain (11) were backcrossed with heterozygous green fluorescent protein (GFP) transgenic mice (ACTbEGFPOsb/J). Genotyping was performed as previously described (11) .
Homozygote offsprings with a target inactivation of the tyrosine kinase domain of Flt-1 expressing ubiquitously GFP (Flt-1 TKÀ/À GFP) were used as bone marrow donors.
C57BL6 (6-8 wk old) obtained from the animal colony of the University of Freiburg were used as bone marrow recipients. Myeloablative conditioning was performed with a single lethal dose of 9 Gy total body irradiation from a cobalt source. Bone marrow cells were harvested by flushing femurs and tibias 6 to 8 wk Flt-1 TKÀ/ÀGFP. Unfractioned bone marrow cells (5 Â 10 6 ) were inoculated i.v. Seven to eight weeks post bone marrow transplantation, mice were anesthetized and syngeneic murine glioma Gl261 cells (0.8 Â 10
5
) were slowly inoculated intracerebrally into the right caudatus as previously described (26) . Twelve days (PlGF-and VEGF-overexpressing tumors) or 20 days (wild-type tumors) after tumor implantation, mice were euthanized through cardiac perfusion. These different time points were chosen because of the development of symptoms related to the growing intracranial tumor in parental and VEGF-and PlGF-transfected tumors.
Brains were removed and either postfixed in 2% paraformaldehyde or snap frozen in liquid nitrogen-cooled N-methylbutane. To grow s.c. tumors, mice were given an injection at the side of 2 Â 10 6 viable Gl261 cells suspended in 0.2 mL of PBS/Matrigel (2:1).
Peripheral Blood Analysis
Blood was collected at the time of autopsy through cardiac puncture and white cell count was determined using an automated hematology analyzer (Cell-Dyn 3500). Donor-derived hematopoietic contribution (percentage of GFP+ cells in peripheral blood) was measured by flow cytometric analysis at the time of tumor implantation and at the time of autopsy.
Magnetic Resonance Imaging and Evaluation of Tumor Volume
On day 12 and 20 after tumor implantation, the animals were anesthetized with 2% isofluorane ( ] images using spin echo sequences. Coronal serial T2-weighted scans were obtained before contrast medium injection. The mice received a dose of 80 AL i.p. of gadolinium DPTA (Magnevist, Bayer-Schering Pharma, Deutschland GmbH) and T1-weighted scans were taken for 10 min.
Tumor size was calculated in T1-weighted image sets obtained 10 min after contrast injection. The slices that showed enhanced areas were analyzed by defining a region of interest around the section of enhancement and measuring the area. The volume was calculated by multiplying by the slice thickness. This procedure was repeated for all slices showing enhancement and the areas were summed to determine a total tumor volume.
Immunofluorescence, Histochemistry, and Morphometry
Paraformaldehyde-fixed (2%) 50-Am vibratome sections (Leica VT-1000S, Leica Microsystems AG) were stained with the following antibodies: rat anti-mouse VEGFR-1 (1:100, R&D Systems), rabbit anti-human von Willebrand factor (vWF; 1:100, Dako), and rat anti-mouse F4/80 (1:100, Serotec), as previously described (26) . Cryosections were stained with mouse anti-mouse/human SDF-1a (1:60, R&D Systems), with a mouse anti-smooth muscle actin (SMA; 1:500, Sigma) and with a rat anti-mouse CD31 (1:100, Southern Biotech). To avoid unspecific binding with mouse anti-SDF-1a, MOM Kit (Vector Laboratories, Inc.) was used according to the manufacturer's instructions. Antibody against SMA was directly labeled with AlexaFluor647 using Monoclonal Antibody Labeling Kit followed the manufacturer's instructions (Invitrogen). Sections were incubated with appropriate secondary antibodies, mounted, and analyzed with krypton-argon laser scanning confocal imaging system (TCSNT, Leica Microsystems AG).
Tumor volume. Paraformaldehyde-fixed brains were cut in sections 50-Am apart. Every fifth slide was stained with hematoxylin to identify intracranial tumor. The glioma volume was estimated by measuring the tumor area in each section using the bright field of a Leica microscope equipped with a digital camera and was analyzed with the Image 1000 analysis software. Total volume was calculated based on the number of tumor-containing sections Â 50 Am Â the area estimated in each section.
Vessel density. To quantify the tumor vascularization, CD31-stained representative random fields within tumor tissues were visualized at Â20 magnification. Photomicrographs were analyzed with Cell P ImagingSoftware (Olympus). The vessel density is defined as percentage of vessel area within tumor area.
Quantification of bone marrow-derived myeloid cell infiltration in tumor tissue. To quantify the number of tumor-infiltrating GFP+ cells, each fifth to tenth vibratome section was mounted and imaged using the confocal microscope. To analyze the GFP cell count, random micrographs were taken throughout the tumor at Â40 magnification. For analysis of the GFP area fraction, tumor tissue was visualized at Â5 magnification. The absolute number of GFP+ cells and the GFP+ area in the tumor tissue were quantified using Image J software.
Monocyte Chemotaxis
Peripheral blood was collected through cardiac puncture of right ventricle in narcotized mice. Heparin was used as an anticoagulant. Blood was diluted 1:2 and subjected to density-gradient centrifugation using Histopaque-1077 (Sigma). Monocytes were further enriched using anti-mouse CD11b magnetic microbeads (Miltenyi Biotechnologies). Chemotaxis was studied using modified Boyden chamber (Whatman) adapting the protocol described for chemotaxis of human monocytes (27) . In brief, isolated monocytes were resuspended in RPMI 1640. Chemoattractants were loaded in the lower chamber, and cell suspension was 
NOTE: Data represent mean F SD. Tumor volume was assessed by means of MRI and histologic analysis. Vessel density was determined in at least eight CD31-stained sections per animal. GFP infiltration was evaluated in at least eight tumor-containing coronal sections per animal. Vessel permeability was determined in vivo by DCE-MRI. *P < 0.05. cP < 0.01.
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Cancer Res 2008; 68: (18) . September 15, 2008 loaded in the upper chamber. Cells migrated across membrane with 5-Am pore size. Chemotaxis was allowed to proceed for 3 h at 37jC. Membranes were fixed in 100% ethanol and stained with Giemsa's azur eosin methylene blue solution (Merck). Cells adherent to the upper surface of the membrane were carefully scraped. The membrane was mounted onto microscopic slide with superimposed cover slide. Cells adherent to the lower surface of the membrane were referred as migrated. Migrated cells were counted in the whole well, at magnification of Â40. In each experiment, experimental condition was done in duplicate.
Dynamic Contrast-Enhanced Magnetic Resonance Imaging
Functionality and maturation aspects of the tumor neovasculature were investigated by dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) using a custom-developed transmit/receive small animal coil in a conventional whole-body 1.5 T MRI scanner (Symphony, colleagues (28) . To achieve color-coded parameter maps, the amplitude A (proportional to the contrast agent dose D and the fraction of blood volume to voxel volume) and the exchange rate constant k ep (describing the exchange of contrast media between the intravascular and interstitial compartment) were calculated pixelwise and color-coded using the Dynalab (MEVIS, Bremen) software.
Statistical Analysis
All the statistical analyses were performed using SPSS 13.0 software. The statistical significance of the results was tested by Student's t test (unpaired two-tailored). A P value of <0.05 was considered statistically significant.
Results
Suppression of glioma growth in Flt-1 TKÀ/À bone marrow chimeras. To investigate whether Flt-1 signaling in bone marrowderived myeloid cells is important for glioma growth and angiogenesis, we transplanted unfractioned bone marrow cells from Flt-1 TKÀ/À or Flt-1 TK+/+ expressing GFP into lethally irradiated syngeneic recipients. After bone marrow transplantation, Flt-1 TK+/+ and Flt-1 TKÀ/À bone marrow chimeras displayed comparable amounts of WBC ( Table 1 ). The efficacy of donor cell engraftment as assessed by the percentage of GFP+ cells in peripheral blood was in average 80% (data not shown).
The growth rate of tumors was monitored using contrastenhanced MRI at days 12 and 20 after implantation. Twelve days after tumor inoculation, tumors growing in Flt-1 TK+/+ bone marrow chimeras had small visible tumors, whereas tumors growing in Flt-1 TKÀ/À were barely detectable ( Fig. 1A and B ; Table 1 ). At day 20 postimplantation, tumor growth in Flt-1 TK+/+ was significantly larger than in Flt-1 TKÀ/À ( Fig. 1C and D ; Table 1 ). The experiment was repeated and tumor volumes were determined histologically in further experiments. Consistently, Flt-1 TK+/+ mice formed significantly larger tumors (f5-fold increase) than Flt-1 TKÀ/À animals (n = 10/group; P < 0.05; Table 1 ; Fig. 1C  and D) .
VEGF overexpression restores tumor growth in Flt-1 TKÀ/À bone marrow chimeras. To examine the effect of VEGF on tumor C, quantification of GFP+ area fraction was performed using computer-assisted morphometric analysis and calculated based on the examination of an average of 5 to 10 sections per animal (depending on tumor size). Columns, mean; bars, SD. Significant decrease of GFP+ infiltrating cells in Flt-1 TKÀ/À was observed in VEGF-overexpressing (**, P < 0.01) and PlGF-overexpressing tumors (*, P < 0.05). No major differences in GFP infiltration in parental tumors were detected between the Flt-1 TKÀ/À and Flt-1 TK+/+ bone marrow chimeras.
growth in Flt-1 TK+/+ and Flt-1 TKÀ/À bone marrow chimeras, mice were injected with glioma cells overexpressing VEGF 164 (Gl261-VEGF). Tumor growth was analyzed by MRI on day 12 postimplantation. As shown in Fig. 1 and Table 1 , tumor volumes in the chimeric genotypes are similar (either in tumors studied by means of MRI or in tumors studied by histologic analysis), suggesting that VEGF overexpression by tumor cells alone can restore tumor growth in Flt-1 TKÀ/À chimeras ( Fig. 1A and B ; Table 1 ).
Effect of PlGF overexpression on tumor growth. To investigate the function of Flt-1 on myeloid cells in the presence of its ligand, PlGF, we generated stable transfectants of Gl261 cells overexpressing human PlGF-2 isoform. The mouse PlGF gene is homologous to hPlGF-2. Transfected clones displayed high levels of PlGF expression at mRNA and protein levels, whereas in parental or mock-transfected cells, no expression was detectable (Supplementary Fig. S1 ). Compensatory changes in endogenous VEGF levels were not seen by Northern blot analysis (Supplementary Fig. S1 ). Mice injected with PlGF-transfected cells into the brain were scanned on day 12 after injection. At this time, mice implanted with PlGF-overexpressing cells developed significantly larger tumors (median volume = 26.6 mm 3 F 12.3; n = 6) in Flt-1 TK+/+ chimeras compared with the reduced growth of intracranial tumors in Flt-1 TKÀ/À chimera (median volume = 10.0 mm 3 F 7.9; n = 8; Fig. 1A and B; Table 1 ). Compared with the wild-type tumors, PlGF-overexpressing cells developed larger tumor volumes at day 12 postimplantation although this difference did not reach statistical significance. These results indicate that PlGF overexpression might induce glioma growth and VEGFR-1 signaling in monocytes is important to stimulate this growth.
Homing of myeloid cells in response to VEGF and PlGF is impaired in Flt-1 TKÀ/À chimeras in vivo. At the time of autopsy (day 12 in PlGF-VEGF-overexpressing tumors and day 20 in parental tumors), the vast of majority of GFP+ cells that infiltrate the tumor tissue differentiated into macrophage/microglia characterized by immunoreaction for the macrophage marker F4/80 and expressed Flt-1 ( Fig. 2A) . To evaluate whether Flt-1 signaling in bone marrow-derived myeloid cells affects their recruitment into murine glioma, we used computer-assisted morphometry to analyze the percentage of GFP+ area within tumor tissue at low magnification. Inflammatory infiltration was also confirmed by counting the absolute number of GFP+ cells in random areas throughout the tumor (Fig. 2B) . We found that in wild-type tumors, Figure 3 . Assessment of mouse monocyte chemotaxis in Flt-1 TKÀ/À mice. Monocytes were isolated from heparinized mouse venous blood, taken from the right ventricle of the beating heart. Chemotaxis was assessed in the modified Boyden chamber at 37jC for 3 h. Chemoattractants (PlGF-1, VEGF-A, and MCP-1, 1 ng/mL) were loaded in the lower compartments, whereas cell suspensions were loaded in the upper compartments. Cells migrated across the membrane with 5-Am pore size. Migrated cells were counted using a light microscope (magnification, Â40). Data shown are derived from three independent experiments each performed in duplicate. Chemokinesis is referred as 100%. Columns, mean; bars, SD (*, P < 0.05; **, P < 0.01). VEGF-overexpressing cells generated vessels of irregular caliber and devoid of SMA-cell coverage. Overexpression of PlGF-originated vessels of large caliber with SMA+ cells partially loosely apposed to the endothelial cell layer (white arrow ). In contrast, wild-type tumors disclosed vessels with SMA+ cells closely associated to the endothelium (yellow arrows ). Bar, 20 Am. B, morphometric analysis of tumor vascularization was evaluated using CD31-stained sections within tumor tissue visualized at Â20 magnification. An average of 5 to 10 random fields per animal was analyzed. Photomicrographs were analyzed with the Cell P imaging software. Vessel density is defined as percentage of vessel area with tumor area. Columns, mean; bars, SD (*, P < 0.05). Tumor vascularization is significantly reduced in Flt-1 TKÀ/À chimeras implanted with parental Gl261 cells.
Flt-1 on Myeloid Cells Mediates Glioma Growth
www.aacrjournals.org the inflammatory infiltration represented by GFP+ cells did not significantly differ between the two genotypes. Inducing VEGF and PlGF expression in tumor tissues led to a massive infiltration of GFP+ cells (3.1-fold and 2.7-fold increase compared with the infiltration in tumors generated by implantation of wild-type glioma cells), confirming previous reports that VEGF and PlGF act as a potent chemoattractant factors for monocytes/macrophages. In VEGF-and PlGF-overexpressing tumors, we determined a significant decrease in the number of infiltrating GFP+ macrophages in Flt-1 TKÀ/À bone marrow chimeras (Table 1; Fig. 2C ).
In vitro, as shown in Fig. 3A , VEGF-and PlGF-induced monocyte migration was strongly abrogated in monocytes isolated from Flt-1 TKÀ/À mice, although these monocytes responded to monocyte chemoattractant protein-1 (MCP-1) in the same assay. These observations suggest that Flt-1 is required for monocyte/macrophage migration in vitro and in vivo in the presence of high amounts of its ligands.
Regardless of whether the tumors overexpressed VEGF or PlGF, we did not observe GFP+ cells that participated in blood vessel formation by differentiation into vascular cells, confirming our previous studies that glioma vascularization is essentially derived from the proliferation of endothelial cells (data not shown).
Deficiency of Flt-1 signals in bone marrow-derived myeloid cells decreases vessel density in wild-type tumors, but not in PlGF-or VEGF-overexpressing tumors. Tumor vascularization was then analyzed at the time of autopsy (wild-type tumors on day 20, VEGF-and PlGF-overexpressing tumors on day 12 postimplantation, when mice developed symptomatic tumors) by immunofluorescence using an antibody against the endothelial cell-specific marker CD31 and against the SMA, which detects mural cells surrounding endothelial cells (Fig. 4A) . Tumor angiogenesis induced by PlGF-transfected glioma cells seemed to be less dependent on sprouting (angiogenesis) but occurred via an increase in the diameter of blood vessels. However, no significant increase in vessel density as compared with wild-type tumors was observed. This pattern of enlarged vessel was more accentuated in s.c. than in intracerebrally grown tumors (data not shown). Large vessels in PlGF-overexpressing tumors have a clear layer of SMApositive cells, which seemed to be partly loosely apposed to the endothelial cell layer (Fig. 4A) . In wild-type tumors retrieved from Flt-1 TKÀ/À bone marrow chimeras, the vessel density was significantly reduced by 43% (n = 4/group; P = 0.04). VEGFoverexpressing tumors showed a similar vessel density in both genotypes. PlGF-overexpressing tumors disclosed a reduction of tumor neovasculature by 15% in Flt-1 TKÀ/À bone marrow chimeras; however, this difference did not reach significance (Table 1; Fig. 4B ). These results suggest that tumor vascularization in Flt-1 TKÀ/À bone marrow chimeras is restored by VEGF-A overexpression and is, at least in part, compensated by PlGF overexpression. A, double immunostaining for SDF-1/ CXCL12 (green ) and vWF (red) and for SDF-1/CXCL-1 (green ) and GFAP (red) in intracranial gliomas. Mouse nonspecific IgG (green ) was used as negative control. SDF-1/CXCL12 is expressed by tumor cells, by reactive astrocytes, and, to lesser extent, by endothelial cells. Bar, 20 Am. B, Northern blot analysis of intracranial (I.C. ) and subcutaneous (S.C. ) tumors (cropped blots ) implanted with Gl261-PlGF, Gl261-VEGF, Gl261-WT, and Gl261-empty vector (full-length gels are presented in Supplementary Fig. S2 ). C, real-time PCR analysis for SDF-1 in Gl261 tumors. Relative quantification showed elevated levels of SDF-1 mRNA in PlGF-overexpressing (normalized against PGK-1: 11.46 F 3.4 and against h-actin: 10.98 F 1.52) and VEGF-overexpressing (normalized against PGK-1: 8.06 F 2.49 and against h-actin: 7.9 F 2.6) tumors compared with mock-transfected tumors (normalized against PGK-1: 4.85 F 2.0 and against h-actin: 4.45 F 1.4).
Induction of vascular hyperpermeability in VEGF-but not in PlGF-overexpressing tumors. Because increased edema formation has been linked to the amount of inflammation and the levels of PlGF and VEGF in tumors, we assessed the vascular permeability using DCE-MRI. VEGF-overexpressing tumors showed an increased vascular permeability (k ep = 6.7 F 4.9 min À1 in wild-type chimeras;
6.3 F 4.8 min À1 in Flt-1 TKÀ/À). Permeability measurements in PlGF-overexpressing tumors by DCE-MRI showed a similar vascular permeability compared with the parental Gl261 tumors (Table 1 ). In wild-type, VEGF-overexpressing, and PlGF-overexpressing tumors, there are no major differences in levels of vascular permeability in Flt-1 TKÀ/À and Flt-1 TK+/+ bone marrow chimeras ( Table 1 ), suggesting that Flt-1 signals in inflammatory cells did not influence edema formation in gliomas.
Increase of SDF-1 expression by PlGF and VEGF overexpression. SDF-1/CXCl12 (stromal cell-derived factor-1) is a chemokine involved in the regulation of hematopoietic cells. SDF-1 has been reported to be up-regulated by VEGF in perivascular cells, and SDF-1 induction is essential to retain hematopoietic cells in close proximity to angiogenic vessels (29) . Immunohistochemical analysis showed SDF-1 protein being expressed not only by tumor cells but also by reactive astrocytes and the astrocyte foot processes predominantly around blood vessels. This was shown by the colocalization of SDF-1 with the astrocyte marker glial fibrillary acidic protein (GFAP). SDF-1 was also expressed to a lesser extent in the endothelium (Fig. 5A) . SDF-1 mRNA levels were analyzed by Northern blot analysis and by using relative real-time PCR with h-actin and PGK-1 as an endogenous control in intracranial and s.c. tumors. Elevated levels of SDF-1 mRNA were found in PlGF-overexpressing and in VEGF-overexpressing tumors (2.4-fold and 1.7-fold increase, respectively) compared with wild-type and empty vector-transfected tumors ( Fig. 5B and C) .
Discussion
In this study, we show that loss of Flt-1 signaling in tumorinfiltrating macrophages has a profound suppressive effect on tumor growth and vascularization in an experimental glioma model. Gliomas implanted in wild-type bone marrow chimeras were larger and better vascularized than those grown in chimeras generated by transplantation of bone marrow cells derived from Flt-1 TKÀ/À mice. It was broadly accepted that the initial angiogenic switch is predominantly promoted by tumor cells, which became hypoxic through insufficient blood supply (30) . However, it has been recognized that tumor cells cannot ensure the expression of angiogenic factors alone. A central role of inflammation in sustaining tumor angiogenesis has only recently become evident. Tumor-infiltrating leukocytes, including mast cells, neutrophils, and particularly macrophages, are important cellular sources of VEGF into critical points of tumor (31, 32) . In normal tissue repair, recruited macrophages constitute the main source of VEGF and represent a fundamental step for initiating an effective angiogenic response (33) . Moreover, macrophage depletion or suppression of inflammation with acetyl salicylic acid reduced ovarian tumor progression and ascites formation, which is closely related to reduction in VEGF protein levels in the ascites fluid (34) . In several experimental tumors, evidence suggested that macrophage concentration correlates with capillary development and tumor growth (35) . It has been shown that Flt-1 is expressed by other cell types, including monocytes/macrophages. Flt-1 signaling in macrophages has been implicated in promoting cell survival and migration (36) . In addition, bone marrow-derived cells expressing Flt-1 have been shown to home to premetastatic sites and form cellular clusters, which promote metastasis growth (21) . An antibody against Flt-1 suppressed the neovascularization in tumors and blocked the mobilization of myeloid cells in vitro and in vivo (37) . A recent study has provided evidence for existence of an autocrine VEGF/Flt-1 loop in neuroblastoma cells, which promotes hypoxia-inducible factor (HIF-1) activation (38) . Inhibition of VEGF/Flt-1 decreased HIF-1a phosphorylation. Such an autocrine loop linking VEGF/Flt-1 signaling with HIF-1 activation might be also functional in macrophages. Murakami and colleagues (22) have shown that secretion of VEGF upon stimulation with hVEGF is attenuated in macrophages derived from Flt-1 TKÀ/À mice. These data suggest that VEGF/Flt-1 in macrophages might serve to amplify expression of proangiogenic factors, including VEGF itself. Our observation that overexpression of VEGF but not of PlGF restores glioma growth in Flt-1 TKÀ/À chimera supported this interpretation.
Several groups have shown that Flt-1 is important for VEGFdependent monocyte/macrophage migration (39) . PlGF is also chemotactic for monocytes and can restore late phases of hematopoesis through chemotaxis of Flt-1-expressing bone marrow progenitor cells (40) . We observed that implantation of glioma cells overexpressing VEGF-A or PlGF leads to a massive infiltration of the GFP cells into glioma tissue in vivo, which is significantly less extensive in Flt-1 TKÀ/À chimeras. Furthermore, we found that the inflammatory infiltration in wild-type gliomas represented by the number of GFP+ cells was similar in Flt-1 TKÀ/À and Flt-1 TK+/+ recruitment. A number of tumor-derived chemoattractants besides VEGF and PlGF ensures the recruitment of leukocytes into tumor tissue, including monocyte chemoattractant protein-1 (MCP-1); colony-stimulating factor-1 (CSF-1, also known as M-CSF); and the CC chemokines, CCL2, CCL3, CCL4, CCL5, and CCL8 (31, 41) . Gl261 glioma cells express low basal levels of VEGF and PlGF. Thus, in parental Gl261 tumors with low basal levels of VEGF and PlGF, other chemokines might mediate the inflammatory infiltration and Flt-1 function might become redundant for macrophage. The infiltration of GFP+ cells in PlGFoverexpressing tumors in Flt-1 TKÀ/À chimeras showed some increase in comparison with wild-type and VEGF-overexpressing tumors growing in the Flt-1 TKÀ/À chimeras. This observation is in contrast to our in vitro data, which show that PlGF-and VEGFinduced chemotaxis is abrogated in monocytes without a functional Flt-1. A possible explanation for this discrepancy is that PlGF in vivo might induce other cells besides macrophages (for instance, endothelial cells) to produce chemokines responsible for inflammatory infiltration. We show in this study that PlGF overexpression in vivo increases the levels of SDF-1/CXCl12 even more potently than VEGF. It has been shown that SDF-1/CXCL12 up-regulation is an integral part of the angiogenic response triggered by VEGF to maintain hematopoietic cells closely associated with angiogenic vessels (29) . Recent findings suggested that PlGF-induced mobilization of inflammatory cells to angiogenic sites might also be modulated by SDF-1/CXCl12 (42) . Although several other stimuli, including hypoxia, are known to regulate SDF-1/CXCL12 expression, our results confirm previous findings that SDF-1/CXCL12 might be an important downstream target of VEGF and PlGF to recruit hematopoietic cells to tumor bed. Furthermore, the data presented here highlighted the importance of functional Flt-1 for VEGF-and PlGF-mediated bone marrow recruitment in vivo.
Here, we show that PlGF-overexpressing tumors are larger in Flt-1 TK+/+ than in Flt-1 TKÀ/À chimeras although these tumors exhibited no statistically significant difference in vessel density. Overexpression of PlGF-2 resulted in increase of tumor growth compared with control tumors. Regarding the contribution of PlGF to tumor growth, conflicting reports are found in the literature. In PlGF-deficient mice, tumor growth and angiogenesis are markedly reduced (43) . Overexpression of PlGF through an inducible system increases tumor growth (36) . On the other hand, it has been shown that PlGF might play a negative role on tumor growth and angiogenesis through formation of VEGF/PlGF heterodimers (44, 45) . These discrepant results might be explained by the levels of VEGF and PlGF expressed by tumor cells: The antagonistic effect of PlGF in opposing VEGF requires coexpression of both factors by the same cell to form inactive heterodimers (44) . Parental Gl261 tumors expressed constitutively low levels of VEGF, and Gl261-overexpressing PlGF did not increase the levels of endogenous VEGF; thus, the formation of inactive heterodimers in this tumor model is unlikely. Another mechanism to explain the growth of PlGF-overexpressing murine gliomas in Flt-1 TK+/+ chimeras is the intensive accumulation of macrophages observed in these tumors. This infiltration is significantly decreased Flt-1 TKÀ/À chimeras, which might explain the impaired tumor growth in these animals. Our study shows an overall protumor effect for PlGF, which seemed to be dependent on macrophage recruitment mediated by Flt-1.
VEGF and PlGF have been shown to increase vascular permeability (46, 47) . A common feature of malignant gliomas is their ability to increase vascular permeability, which subsequently leads to vasogenic edema. Previous studies have shown that PlGF alone or in synergy with VEGF can substantially increase vascular permeability (48, 49) . Using DCE-MRI, we showed in this study that VEGF overexpression as expected enhanced the vascular permeability whereas in PlGF-overexpressing tumors, values were comparable with parental tumors. Vascular leakage has been associated with vessel maturation. We found that PlGFoverexpressing tumors disclose vessels with larger diameters, which are covered by smooth muscle-positive cells, whereas in VEGF-overexpressing tumors staining for smooth muscle cells in tumor vessels were almost undetectable. The effect of PlGF on pericyte recruitment has previously been investigated in PlGFdeficient mice (43) . These mice display less mature vessels than the control mice. Other studies report that vessels in PlGF-overexpressing tumors contain less SMA-positive cells compared with controls (20) . Our findings are consistent with the hypothesis that PlGF induced the formation of large, mature, and less leaky vessels in intracranial gliomas, whereas VEGF formed immature, highly permeable tumor vascular network. This pattern is independent whether tumors grew in wild-type or in Flt-1 TKÀ/À bone marrow chimeras. The discrepancy found in the literature regarding PlGF expression and induction of tumor growth and vascular permeability highlighted the complexity of possible interactions of PlGF, which culminates with a protumorigenic or antitumorigenic effect.
The findings reported here highlight the relevance of Flt-1 expressed by macrophages in supporting glioma angiogenesis. We suggest that Flt-1 signaling in macrophages might be able to amplify the levels of available VEGF in the glioma tissue and may as such represent an important step particularly in the initial phases of tumor growth. Therefore, targeting Flt-1 receptor in bone marrow-derived infiltrating macrophages might be a promising approach to be used in the future antiangiogenic therapies in gliomas.
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